ctopic activation of the Wnt signalling pathway leads to increased cellular growth and division in experimental organisms and mutations in Wnt pathway genes are tightly linked to the genesis of certain cancers in humans. 1 Signalling through the Wnt pathway begins with a Wnt ligand, one of a family of at least 16 members in mammals. 2 Wnts are secreted growth factors that signal through cell surface Frizzled (Fz) transmembrane receptors to initiate the signalling cascade. [3] [4] [5] Members of the Dishevelled family are activated upon ligand binding to Fz, 6 causing inhibition of glycogen synthase kinase 3β (GSK-3β, Zw3, shaggy). Inhibition of GSK-3β activity prevents phosphorylation of β-catenin (Armadillo, Arm), thus blocking adenomatous polyposis coli (APC) and Axin mediated degradation of β-catenin. Stabilised β-catenin accumulates and binds to members of the lymphoid enhancer factor/T cell factor (LEF/TCF) family of high mobility group box transcription factors in the nucleus, [7] [8] [9] [10] leading to changes in the transcription of growth regulatory genes. Targets of Wnt/LEF/TCF regulated transcription include the protooncogene myc, 11 cyclooxygenase 2, 12 matrilysin/MMP-7, 13 14 cyclin D1, 15 16 and a member of the LEF/TCF family, TCF1. 17 Activation of the Wnt pathway also affects the expression of members of another family of signalling moleculesbone morphogenetic protein 6 (BMP-6), a member of the transforming growth factor β (TGF-β) superfamily. 18 "Ectopic activation of the Wnt signalling pathway leads to increased cellular growth and division in experimental organisms and mutations in Wnt pathway genes are tightly linked to the genesis of certain cancers in humans"
The role of Wnt signalling in cancer was suggested by the discovery that ectopic expression of mouse Wnt1 (int1) caused the formation of mammary tumours in mice. 19 The recognition that the APC tumour suppressor gene functions as a component of the Wnt pathway further implicated Wnt signalling in cancer, particularly colon cancer. 20 APC mutations (or mutations in β-catenin or axin) are found in up to 85% of sporadic forms of colon cancer. 21 22 Studies in model organisms suggest that the expression of the Wnt genes is controlled by a complex network that uses both positive and negative feedback. 23 24 If true in humans, loss of heterozygosity or mutational change of certain members of the Wnt signalling pathway-for example, APC or β-catenin- 25 The differential expression of downstream components of the Wnt signalling pathway, specifically members of the LEF/TCF family, has also been suggested. For example, TCF4 is normally expressed in colonic mucosa and cancer, 26 TCF1 is overexpressed in colon cancer cell lines, 27 and we have recently shown that LEF1 is expressed in colon cancer tissues but not in non-malignant colonic mucosa. 28 Given these preliminary data, we have extended our analysis to test the hypothesis that the expression of specific Wnt ligands and Fz receptors would be altered in colon cancer and that these changes may be involved in colon carcinogenesis.
METHODS AND MATERIALS

Tissue acquisition
Archived, paraffin wax embedded pathological specimens were obtained under an IRB approved protocol (UCI98-20) following oral and written informed consent. Patients were identified through the Chao Family Comprehensive Cancer Center as individuals with recent surgical resection of colonic adenocarcinoma. Samples of normal colonic tissue and of colon cancer tissue were obtained from different cuts of the same surgical specimen for each patient. When possible, histologically normal and malignant tissues were included on a single slide to enable direct comparison of staining intensity. Over 20 patients with colon cancer for whom tissue blocks were available were enrolled on our study.
Cell lines
Human cell lines were obtained from the American Type Culture Collection (Manassas, Virginia, USA). They included: Jurkat, an acute T cell leukemia cell line used as a control for in situ hybridisation, which was maintained in culture in RPMI 1640 medium with 10% fetal bovine serum (FBS); HT29, an adherent colorectal adenocarcinoma cell line that forms well differentiated adenocarcinomas in nude mice and is maintained in culture in DMEM medium with 10% FBS; Colo205, a free floating colorectal adenocarcinoma cell line maintained in RPMI 1640 medium with 10% FBS; CaCo2, an adherent colorectal adenocarcinoma cell line that forms moderately well differentiated adenocarcinomas in nude mice and is maintained in culture in DMEM media with 20% FBS; and PANC1, an adherent epithelioid pancreatic cancer cell line maintained in culture in DMEM media with 10% FBS. For in situ hybridisation and antibody staining controls, cells were pelleted by centrifugation, embedded in paraffin wax, sectioned, and prepared in a similar manner to the tissue samples (described below). To define the cellular localisation of RNA by in situ hybridisation, adherent cells (HT29 and CaCo2) were also grown directly on slides (Nunc Lab-Tek II chamber slide; Nunc, Rochester, New York, USA), fixed, and prepared for staining. Eliminating paraffin wax embedding greatly reduces artifacts caused by dewaxing.
In situ RNA hybridisation Slides were dewaxed with sequential xylene/alcohol/distilled H 2 O washes and hybridised with single stranded antisense RNA probes generated from cDNAs using T7 and T3 RNA polymerase promoters in the respective vectors. Probes were labelled with digoxigenin, hydrolysed, and hybridised to tissue sections in a moisture controlled environment at 37°C for 72 hours at conditions optimised for each probe. Positive hybridisation was detected using antidigoxigenin conjugated to alkaline phosphatase to allow visualisation with an alkaline phosphatase substrate. All slides were counterstained lightly for five seconds with a haematoxylin and eosin reagent to reveal the tissue architecture. Probes for Wnts and BMPs generally included non-homologous coding sequences or 3′ untranslated sequences. Samples from over 20 individuals with colon cancer were analysed for expression, although every sample was not used for each probe. Each probe was tested against a minimum of three samples of normal and malignant tissue from different patients. Most probes were hybridised against between 10 and 15 separate tissue sections. For example, the Wnt2 probe was hybridised against normal colonic mucosa specimens from seven different patients along with hybridisation of the corresponding colon cancer specimens from each of these patients. Control hybridisations (described below) accompanied each of these analyses of human derived tissues, including eight separate hybridisation experiments each against cell lines HT29, Colo205, and CaCo2.
Several controls were used for every experiment. First, each tissue was subjected to hybridisation with either trefoil factor or thymidine kinase (TK) probes to ensure that the tissue was preserved adequately to permit in situ RNA hybridisation. Trefoil factor and TK are differentially expressed in normal colonic mucosa (trefoil factor in goblet cells and TK in the crypts but not the villi). Trefoil factor is frequently overexpressed in colon carcinoma cells and TK is overexpressed in rapidly proliferating tissues. As a negative control, all tissues were also analysed with an identical probe in the sense orientation to ensure that there was no detectable staining and to confirm the absence of non-specific hybridisation. A panel of cell lines provided additional positive and negative controls. The expression of each gene was defined for each cell line by northern blot analysis. Cell lines were then centrifuged, embedded in paraffin wax, and sectioned to mimic the conditions used for the tissue samples. Each probe was tested against a panel of control cell lines to ensure reproducibility and precision when compared with northern blot analyses before use on the tissue sections. The probes were prepared freshly and each batch was subjected to a full battery of positive and negative control testing. This battery of positive and negative controls allowed for extensive quality control as follows: (1) tissue that did not exhibit distinct staining with TK or trefoil factor was discarded to eliminate tissues with extensive RNA degradation, presumably occurring at the time of surgery before fixation; (2) each batch of probe was tested initially against positive and negative control cell lines to ensure adequacy of probe preparation; (3) each analysis of patient tissue included slides stained with antidigoxigenin and alkaline phosphatase reagents to ensure that background staining was minimal; and (4) each analysis of patient tissue included slides for which a sense RNA probe was used to ensure that background staining was minimal.
Expression was visualised directly by means of an Olympus B50 microscope system with Nomarski optics and digital capture technology. Photographs of tissue and cell line sections were obtained within 48 hours of completion of the hybridisation to minimise slide artifacts that can appear over time. Probes used for in situ hybridisation included Wnt1, Wnt2, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a, Wnt7b, Wnt10b, BMP2a, and BMP6 obtained from Genome Systems. The genes and the accession and identification numbers from the Image Consortium are listed: Wnt2, AA970688, 1579015; Wnt4, AI139742, 1710594; Wnt5a, W49672, 324901; Wnt5b, A1201930, 1859198; Wnt6, AI127113, 1708122; Wnt7a, AI040985, 1641787; Wnt7b, AA991310, 1608881; Wnt10b, AI144467, 1708905; BMP2a, AA515983, 925036; BMP6, AA573738, 1012778. Wnt11 and BMP4 probes were contaminated with T1 phage and were not available from Genome Systems.
Antibody staining
Paraffin wax embedded samples of normal colon and colon cancers were obtained as described above. Normal colon from 15 different patients, in addition to more than five distinct samples both of well differentiated and distinct samples of poorly differentiated colon cancer were analysed. Polyclonal goat antihuman Fz1+2 antibodies, which react with both human Fz1 and Fz2 cell surface receptors, were obtained from Santa Cruz Biotechnology (Santa Cruz, California, USA). Samples were dewaxed with xylene/ethanol and incubated with primary antibody (2 µg/ml) for 30 minutes at 25°C. This was followed by incubation with biotinylated donkey antigoat secondary antibody (1 µg/ml), and subsequently with horseradish peroxidase and diaminobenzidine (DAB) chromogen. Donkey serum was used as a blocking agent to reduce background staining. Negative controls included slides hybridised with secondary antibody and HRP/DAB chromagen but without primary (anti-Fz) antibody. Additional controls performed with each experiment included staining of paraffin wax embedded cell lines known to express Fz.
RESULTS
In situ hybridisation was performed on both normal and malignant paraffin wax embedded tissues using digoxigenin labelled antisense RNA probes, along with negative and positive controls, to ensure adequacy of the tissue and probes and absence of non-specific background hybridisation, as outlined in the materials and methods section. Paraffin wax embedded cell lines served as controls for each probe and clearly distinguished positive hybridisation from negative, sense probe, hybridisation ( fig 1A) . Comparisons of normal tissue with malignant tissue on different regions of the same slide ensured identical treatment of tissues for comparison of expression.
Examination of patient samples showed that most Wnt ligands were expressed in both the normal colonic mucosa and in colon cancer (table 1). Expression was graded as negative (no cells staining), weakly positive (faint staining), positive (evident staining), and strongly positive. In addition to this quantitative grading, tissue samples in which some cells were positive but others within the same specimen were negative were graded as heterogeneous. If one or more specific tissue location was positive (for example, the base of a crypt), but others were not, this information was also recorded. Abundant expression of Wnt1, Wnt4, Wnt5b, Wnt6, Wnt7b, fig 2) . Specifically, Wnt2 expression was absent in the colonic crypts or villi but was expressed in colon cancer and in the colon cancer cell lines tested. Expression of Wnt5a was noted in the normal colon, with slightly higher signals at the base of the crypt. Wnt5a expression was slightly stronger in cancerous tissues but the proportional increase over normal tissues was less evident than for Wnt2. The expression of two bone morphogenetic proteins, BMP2a and BMP6, was also evaluated. BMP6 was expressed in the normal colonic mucosa and in the HT29, Colo205, and CaCo2 cell lines, but expression was greatly reduced in the malignant colon cancer tissues (table 1; fig 2) . In contrast, minimal expression of BMP2a was detected in normal colon, colon cancer, and the colon cancer cell lines. Panc1, a transformed pancreatic adenocarcinoma cell line, was used as a positive control because it is known to express BMP2a. 29 Therefore, at least one member of the TGF-β family of ligands is significantly downregulated in human colon cancer.
The expression of Fz1 and Fz2 protein was evaluated with a polyclonal antibody that reacts with these two members of the Fz receptor family. Although the expression patterns of different Wnt ligands may direct different cell behaviours, the expression patterns of the Fz receptors are equally important in influencing cell growth. No expression of Fz1/2 could be detected in normal colonic mucosa or in well differentiated colon cancers from six independent patient samples. Repeated attempts were made to detect potentially low amounts of Fz1/2, but no expression was detected. These results are in contrast to the expression of Fz1/2 in samples from three patients with poorly differentiated colon cancer (fig 3) . Not only was Fz1/2 expression readily detectable, but it was greatest in areas where tumour cells were invading adjacent tissues (the "invasion front"). Each of the colon cancer cell lines tested, HT29, Colo205, and CaCo2, exhibited strong expression of Fz1/2 after immunoperoxidase based staining on paraffin wax embedded sections (data not shown).
DISCUSSION
Alterations in the Wnt signalling pathway are involved in colon cancer carcinogenesis in patients with familial polyposis and in the most patients with sporadic colon cancer. [30] [31] [32] The role of APC mutations in this process, and the resultant accumulation of cytoplasmic and nuclear protoncogenic β-catenin are well described. 1 20 Inactivating mutations in APC and activating mutations in β-catenin mimic stimulation of the Wnt pathway, leading to increases in cellular β-catenin and changes in downstream target gene expression. Other possible targets facilitating the initiation of Wnt pathway activation are the Wnt genes and Fz receptor themselves. The data presented here suggest that the regulation of expression of several members of the Wnt ligand family and of specific Fz receptors is key to the process of colon carcinogenesis.
"Surprisingly, we found that the expression of most of the Wnt ligands is fairly ubiquitous in both normal and malignant colon, and that minimal expression differences can be ascertained between the colonic crypts and villi"
In drosophila and other model organisms, the Wnt signalling pathway regulates the expression of its ligand and receptor genes in an autoactivating loop. [33] [34] [35] [36] [37] In the colon, where alterations in key Wnt signalling pathway genes are fundamental in malignant transformation, we had initially hypothesised that one or more specific Wnt would exhibit Figure 2 Expression, as measured by in situ antisense RNA hybridisation, of Wnt 2 (top row) and bone morphogenetic protein 6 (BMP6; bottom row) in normal colon (left two columns, original magnifications, ×40 and ×100) and colon cancer (right column, original magnification, ×100) from the same individual. The dark purple colouration indicates positive hybridisation. The pink staining is the result of the FAST red dye used to reveal tissue architecture. Hybridisation for a specific probe on normal and cancer tissues was performed concomitantly, under identical conditions, and with freshly prepared probe.
expression that was localised to the base of the adult human colonic crypt, where the population of proliferating stem cells resides, as also postulated by Bienz and Clevers.
20 Surprisingly, we found that the expression of most of the Wnt ligands is fairly ubiquitous in both normal and malignant colon, and that minimal expression differences can be ascertained between the colonic crypts and villi. Only Wnt2, and to a lesser degree Wnt5a, appear to be upregulated in the transition between normal and malignant mucosa (fig 4) . Only Wnt5a displays any degree of graded expression between the colonic crypts and villi. The colonic crypts contain proliferating mucosal stem cells give rise to differentiated, nonproliferating mucosal cells that migrate towards the villi. 38 In the mouse, TCF4 is required to maintain the proliferative integrity of the undifferentiated crypt stem cell. 39 We found no evidence for localised expression of the Wnts tested here. Our current data support an alternative model that any restriction of Wnt signalling in the colon is achieved by restricting other components of the Wnt signal transduction pathway, a notable departure from the strategies used by drosophila, xenopus, and other model systems.
In accordance with this alternative model of Wnt signal regulation, Fz expression appears to be highly regulated in the human colon. There was little or no apparent expression in normal colon or well differentiated cancers detected by the Fz1/2 specific antibody used in our study. This raises the possibility that Wnt ligands are signalling through a Fz receptor other than Fz1/2 (there are at least 10 human Fz receptors) or through another type of receptor that has yet to be defined. In striking contrast to the lack of detectable Fz1/2 in normal mucosa and well differentiated colon cancer, abundant Fz expression is seen in poorly differentiated cancers, particularly at the invasion front. Other studies have detected nuclear accumulation of β-catenin, most prominently at the leading edges of colon tumours, 40 a localisation pattern that correlates with aggressive tumour invasion. 41 Transcriptional activation of Fz gene expression may result from high numbers of nuclear β-catenin-LEF-TCF complexes in these cells. Studies in human and other model systems provide some evidence for similar autocrine feedback loops within the Wnt/Wingless pathway. 17 42-45 Alternatively, the expression of cell surface Fz receptors at the invasion front may be the primary cause of the increased nuclear accumulation of β-catenin. Perhaps APC mutations alone are not sufficient to drive nuclear β-catenin accumulation to high levels; other processes ongoing at the invasion front may synergise with a crippled APC dependent degradation pathway to promote the formation of nuclear β-catenin-LEF-TCF complexes. Particularly for the process of tumour invasion, our data suggest that the regulation of Fz receptor expression may be more important than the regulation of Wnt ligand expression, whereas in drosophila the expression of Fz receptors and Wg ligands are equally crucial for normal growth and development. 37 46 "Particularly for the process of tumour invasion, our data suggest that the regulation of Frizzled receptor expression may be more important than the regulation of Wnt ligand expression"
BMPs appear to function in opposition to Wnts in drosophila and other model systems. 23 24 47-49 The loss of transduction of TGF-β signals mediated by genetic inactivation of the transcription factor Smad4 is thought to be a frequent and important genetic alteration that can promote carcinogenesis in the colon. 50 51 Our data suggest that downregulation of BMP6 occurs in colon cancer compared with normal mucosal control samples from the same individual. If the concept of antagonistic activities of the Wnt and BMP pathways holds in the human colon, it is possible that upregulation of the Wnt pathway-for example, increased Wnt2 and Fz expressionmight lead to increased repression of the expression of BMP6 or, alternatively, that loss of TGF-β/BMP signalling might lead to increased expression of Wnt pathway genes.
The data presented here indicate that the expression of Wnt and Fz is important in the progression from normal colonic mucosa to a malignant and invasive phenotype. Additional studies are needed to evaluate the role of other Fz receptors and of secreted Fz related proteins, which act to repress Wnt related signalling. Studies designed to elucidate the expression pattern of important Wnt species in early and late adenomatous polyps are under way. More detailed analysis of Wnt gene expression in colonic crypt stem cells may help to define the processes important for stem cell proliferation and differentiation. Such future research in the area of Wnt signalling, in addition to providing a better understanding of the processes involved in colon cancer carcinogenesis, may lead to the development of clinically useful diagnostic and prognostic markers. 
Gut reaction
S pecifically primed systemic T cells mediate colitis in mice. Splenic CD4+ CD45RB low T cells are strongly implicated in colitis through production of tumour necrosis factor α (TNFα), according to results obtained in severe combined immunodeficient (SCID) mice. SCID mice fed ovalbumin developed the hallmarks of colitis when reconstituted with splenic T cells from immunocompetent donor mice primed with ovalbumin. CD4+ T cells were more abundant in the large intestine than the spleen and small intestine, and they included a large proportion of CD45RB low T cells. Those from the large intestine showed extensive staining for interferon γ (IFNγ) and TNFα and contained mRNA for both cytokines, though only antibody to TNFα prevented colitis after challenge with ovalbumin. Induced colitis was antigen specific. So SCID mice reconstituted with splenic CD4+ CD45RB+ T cells primed with ovalbumin or another protein showed severe colitis only with ovalbumin, and mononuclear cells isolated from spleen and large intestine showed ovalbumin specific proliferation in vitro. Finally, SCID mice reconstituted with primed CD4+ CD45RB low T cells developed severe colitis with ovalbumin and showed abundant TNFα secreting cells compared with mice reconstituted with non-primed CD4+ CD45RB low T cells . BALB/c mice were primed subcutaneously with antigen. A week later CD4+ CD45RB+ or CD4+ CD45RB low T cells were obtained by FACS sorting of a single cell suspension from the spleen for adoptive transfer to SCID mice by venous injection.
Previous studies have suggested interaction between spleen and colon in colitis but not which specific CD4+ T cells. 
